Understanding the microbiology of dental caries is not a mere academic exercise; it provides the basis for preventive, diagnostic, and treatment strategies and gives the dentist a theoretical framework to become a better professional. The last years have seen the development of new research methodologies, ranging from high-throughput sequencing or "omics" techniques to new fluorescence microscopy applications and microfluidics, which have allowed the study of the oral microbiome to an unprecedented level of detail. Those studies have provided new insights about oral biofilm formation, biomarkers of caries risk, microbial etiology, appropriate sampling, identification of health-associated bacteria, and new anticaries strategies, among others. Several pitfalls are associated with the new technologies, including a small number of samples per study group, elevated cost, and genus-or species-based analyses that do not take into consideration intraspecies variability. However, the new data strongly suggest that saliva may not be an appropriate sample for etiological studies or for bacterial caries-risk tests, that microbial composition alone may be insufficient to predict caries risk, and that antimicrobial or immunization strategies targeting single species are unlikely to be effective. Strategies directed toward modulation of the oral biofilm, such as pre-and probiotics, emerge as promising new approaches to prevent tooth decay.
The culture of isolated colonies has been the basis of research and clinical practice in oral microbiology for decades. However, it has been estimated that between a third and half of oral microbes have not been cultured to date, and therefore, the introduction of molecular techniques in the field widened enormously our perspective on oral microbial diversity , including the presence of whole bacterial phyla without any member isolated in pure culture. Culturing techniques themselves have undergone considerable improvement in recent years, including improved sterilization methods to reduce the presence of growth inhibitors, the design of new growth media specially adapted for oral microbes, or the coculturing of metabolite-secreting bacteria next to yet uncultured species that are now able to grow as satellites of those microbial "helpers" (Vartoukian et al. 2016 ). The specific co-aggregations of bacteria have also been visualized in real samples observed by fluorescence microscopy, where metabolically dependent microorganisms appear to be located next to each other (Dige et al. 2014) . A classical example is provided by Veillonella, whose dependency of organic acids as carbon source is reflected in its geographic location next to streptococci in dental plaque samples. The development of CLASI-FISH, a modification of the fluorescence in situ hybridization technique, now allows the distinct labeling of many bacterial species in the same sample (Mark Welch et al. 2016) , and its spectacular images have also identified other patterns of co-location between oral microbes.
Apart from culturing and microscopy, the largest advance in oral microbiology in recent years is probably given by the development of culture-independent "omics" techniques, which study the DNA, RNA, proteins, or metabolites of the whole microbial community, obviating the need for culture (see Nascimento et al. 2017 , for a recent review). Initially, the metagenomic approach involved the cloning of DNA from the microbial pool into Escherichia coli, allowing the study of genes belonging to yet-uncultured species. The development of second-generation sequencing (mainly Illumina sequencing and pyrosequencing) then allowed the direct high-throughput sequencing of DNA and RNA (in this case, after it is retrotranscribed to cDNA) of oral samples, describing, respectively, the whole genetic repertoire of microbial communities (i.e., its genetic potential; Belda-Ferre et al. 2012 ) and their expressed genes (i.e., its pattern of activity; Benítez-Páez et al. 2014) . The application of high-throughput mass spectrometry to oral samples also provided information about the total protein content (Belda-Ferre et al. 2015) and metabolic output (Takahashi et al. 2015) of microbial communities under health and diseased conditions. The most commonly used application of high-throughput sequencing in recent years has been the analysis of polymerase chain reaction-amplified fragments of the 16S rRNA gene . Although this technique provides taxonomic information about only the bacterial composition and not its function, 16S sequencing studies have provided valuable information about bacterial composition in different oral niches, in dental plaque from caries-free and caries-experienced individuals, in caries lesions at different stages of disease, in saliva samples across continents, and in longitudinal oral samples taken before the appearance of disease (see Mira et al. 2017 and Nascimento et al. 2017 for recent reviews).
Another technique that is starting to be developed in the oral microbiology field is microfluidics. In these methodologies, live or dead bacteria are visualized, counted, or separated as they pass through channels of submillimeter diameter. This has been applied to monitor biofilm dynamics using saliva as inoculum and studying the effect of antimicrobials (Nance et al. 2013) . Microfluidics has also been applied in combination with fluorescent labeling and 16S sequencing to quantify antibody coating in saliva and plaque samples. This has uncovered differences in the proportion of bacteria that are immunoglobulin A (IgA)-and immunoglobulin G (IgG)-coated between caries-free and caries-active individuals and revealed individual-specific patterns of bacterial-antibody recognition . Taken together, the new developments in culturing, microscopy, sequencing, omics, and microfluidics have provided an unprecedented level of detail for the study of oral biofilm development, microbial composition of different oral niches, and the development of caries lesions, among others. Some of the theoretical and clinical implications of these studies are discussed below.
A Sample for Each Purpose
Saliva is probably the most widespread sample used in oral microbiology studies. However, when saliva and dental plaque samples have been collected from the same individuals, the bacterial composition, as determined by molecular methods, appears to be very different (Segata et al. 2012) . This is even more apparent when stimulated saliva samples are used, as these provide a bacterial composition that highly resembles that of the tongue (Simón-Soro, Thomas, et al. 2013 ). An example of this lack of correspondence between bacterial composition in saliva and plaque is shown in Figure 1 . As it can be observed, some frequent bacterial genera in sub-and supragingival plaque are almost absent in saliva and vice versa, as a consequence of which this fluid may provide a distorted view of microbial diversity on the tooth and gingival crevice, which is where disease takes place . In fact, the more specific oral sampling becomes, the higher the evidence of oral microniches with a distinct microbiota (Haffajee et al. 2009 ). This "fractal" nature of oral niches underscores the importance of site-specific sampling for research and diagnostic purposes ). For instance, samples from supragingival dental plaque and caries lesions should be used for etiological studies of dental caries, whereas saliva, which bathes all oral tissues, would be appropriate to determine the overall microbial composition in the oral cavity . It still remains to be studied whether the amount of cariogenic organisms in saliva corresponds with the levels of those microbes at the disease site (i.e., the tooth surface). If not, caries risk tests based on salivary colony-forming unit counts may give inaccurate information.
Development of Caries Risk Tests
The appropriate features of a robust caries risk test are still to be determined. In addition to choosing the right sample, the sampling time of the day has been proposed to be equally important for quantifying biomarkers of dental caries, as some cariesassociated proteins follow circadian rhythms ). In addition, oral microbiota profiles have also been shown to vary at different times of the day (Takayasu et al. 2017) . Thus, similarly to standard urine or blood tests, oral tests of caries risk should be standardized in sample type and time of the day to define the thresholds of the selected biomarkers under health and disease conditions (Fig. 2) . If microorganisms are chosen to provide diagnostic value, it has to be underlined that not a single bacterial species appears to be a good disease biomarker . Given the extraordinary inter-and intrasubject variability in bacterial composition at caries lesions (Obata et al. 2014; Simón-Soro et al. 2014 ) and the low proportion of mutans streptococci in the cariogenic community, the search for new bacterial biomarkers beyond Streptococcus mutans has been proposed (Gross et al. 2012 ). Other classical caries risk indicators are lactobacilli. However, recent highthroughput sequencing of the 16S gene has confirmed that these acidogenic organisms are present only in advanced, deep dentin cavities (Shah et al. 2011; Obata et al. 2014 ) and are at extremely low levels in hard tissues (López-López et al. 2017 ) and may not be instrumental in the initial stages of the disease. Thus, the use of lactobacilli alone as caries risk indicators has been questioned , although its use in combination with mutans streptococci appears to be more related to caries risk (Young et al. 2007) . Given the dramatic variability in bacterial composition at caries lesions, the yet unidentified disease-associated core species, and the multifactorial nature of the disease in which not only microbiological but also host-associated and environmental variables are involved (Nascimento et al. 2017 ), a holistic approach to caries risk is desirable, in which information about the host, the habits, and the microbes are integrated for caries risk assessment (Young et al. 2007) or in which both microbial and host-derived molecules are measured to give a better estimate of caries risk (Belda-Ferre et al. 2015; Mira et al. 2017 ).
Architectural and Functional Structure of Oral Biofilms
Classical co-aggregation studies in the lab established that Fusobacterium nucleatum appeared to have the highest number of interactions with oral bacteria, leading to the proposal that it serves as a "bridge" organism between early and late colonizers of dental plaque (Kolenbrander et al. 2006) . However, the CLASI-FISH approach reveals "hedgehog" structures in dental plaque samples (Mark Welch et al. 2016) , where the species Corynebacterium matruchotti appears as the cornerstone of biofilm architecture (Fig. 3) . The presence of key species in biofilm structure has been proposed by some authors to provide new targets for antimicrobial strategies (Ferrer and Mira 2016) , as opposed to well-established pathogens. For instance, inhibiting the growth of F. nucleatum and C. matruchotii could prevent the settlement of late-colonizing pathogens and serve as an antiplaque approach, by hampering the formation of a mature biofilm community.
Functions performed by oral communities also change during biofilm formation (Benítez-Páez et al. 2014 ) and at different stages in the caries progress (Simón-Soro, Belda-Ferre, et al. 2013) . The study of oral microbes within caries lesions suggests that the oral community changes during the development of the cavity (Torlakovic et al. 2012) and that dentin caries microorganisms are capable of degrading proteins, including collagen (Simón-Soro, Belda-Ferre, et al. 2013) . The latter suggests that, in addition to the well-established role of human matrix metalloproteinases in the degradation of this protein (Tjäderhane et al. 1998) , cariogenic bacteria can also contribute to the destruction of dentinary tissue (Nascimento et al. 2017 ). This, together with the capability of dentin caries bacteria to metabolize human tissue-associated sugars (Simón-Soro, Belda-Ferre, et al. 2013) , suggests dentin-associated pathogens could be selfsufficient to survive without an external nutrient source, which could have implications for sterilization and sealing strategies in cavity restorations (Paddick et al. 2005) .
Immunization Strategies
The marking of specific antibodies with fluorescent labeling and the use of flow cytometry suggest Ig coating as an important factor associated with caries risk, as significant differences were observed in the proportion of Ig-coated bacteria in saliva from caries-free and caries-active individuals . This is somewhat expected because enamel is an inert tissue, and therefore, immune protection through salivary antibodies and other protective constituents must play an important role (Costalonga and Herzberg 2016) . Both passive and active immunization strategies have been developed with promising results to prevent tooth decay (see, for example, Smith and Mattos-Graner 2008) . However, these vaccination Mira et al. (2017) . Based on the data, IgA would appear to be a good biomarker of dental caries in the morning samples, whereas Beta-defensin 2 would be a good biomarker in the afternoon or evening samples. approaches are based on surface antigens from S. mutans alone, and the latest 16S studies confirm a highly polymicrobial nature of cavities, where this pathogen can account for less than 1% of the total and active community (Gross et al. 2012; Simón-Soro et al. 2014 ). In addition, as shown in Figure 4 , there appears to be a large interindividual variation in cariesassociated bacterial consortia (Aas et al. 2008; Torlakovic et al. 2012 ) and even within-individual, interlesion variability . This largely hampers the use of single-species or individual surface antigens as targets for active and passive immunization strategies . Although the use of membrane-associated proteins shared among several oral pathogens has been proposed as vaccine targets (Mira et al. 2004) , the lack of a core set of caries-associated organisms shared among most individuals is an important drawback for the development of an efficient anticaries vaccine.
Restoring Balance: Use of Preand Probiotics
It is becoming increasingly clear that there are not only diseaseassociated and commensal bacteria in the oral cavity but also other microbes that appear to be actively associated with health. These include bacteria producing alkali and therefore with pH buffering capabilities. In agreement with their potentially beneficial role, the arginolytic and urease microbial activity in the oral cavity, both of which produce ammonia as a by-product, are significantly correlated with lower levels of caries disease (Nascimento et al. 2013) . Another beneficial function of some oral bacteria is the antimicrobial activity against oral pathogens such as mutans streptococci, through different mechanisms including hydrogen peroxide in S. oligofermentans or bacteriocin production in S. salivarius. Some oral new species have recently been isolated that contain both antimicrobial and antiacid functions, making them promising new strategies to prevent dental caries. These include Streptococcus A12 (Huang et al. 2016) and S. dentisani (López-López et al. 2017) . These oral inhabitants have been proposed as better alternatives than traditional dairy or gut-associated probiotics, which may have limited capabilities of colonizing the oral cavity and therefore exert its potentially beneficial function (Pham et al. 2009; López-López et al. 2017) . Thus, the inoculation of these potentially beneficial oral bacteria (probiotics) or its promotion by the use of compounds that stimulate their growth and positive function (prebiotics) is receiving increasing interest, and clinical trials are under way to test their efficacy in colonizing the teeth and improving oral health. In relation to prebiotics, a well-established example is arginine, an amino acid that is transformed by some oral bacteria into ammonia, which is released extracellularly to raise pH or neutralize the acids formed (Nascimento et al. 2013) . Clinical trials have demonstrated that adding arginine to toothpaste significantly improves caries health indexes (Kraivaphan et al. 2013) , and its effect on the oral microbial community is starting to be tested in vitro (Koopman et al. 2015) , supporting its prebiotic action. Unfortunately, there are very limited experimental data on the potential beneficial functions of other potential prebiotics for oral health. The combination of probiotics with their corresponding beneficial functionpromoting prebiotic should also be explored in the future.
Conclusion and Future Prospects
There are important limitations in the recent oral microbiology studies using cutting-edge sequencing, microfluidics, or microscopy techniques, including the low number of samples normally used, the DNA extraction method, the bioinformatics pipeline, or the sequencing platform Nascimento et al. 2017) . This is probably a consequence of the current cost for these studies and its infancy in methodological and analytical protocols. However, the use of second-generation sequencing techniques and robust statistical analysis has started to be applied to larger cohorts, with promising results regarding host-microbiome interactions . A second pitfall in studies using 16S sequencing to determine bacterial composition and diversity is that microbial functions are difficult to be determined out of taxonomic data, mainly because of the enormous intraspecies diversity and plasticity of oral microbes. An example is given by the large genomic variability of S. mutans strains, with gene content divergence among strains reaching 23%. In fact, the metabolic analysis of different strains of this acidogenic species reveals large differences in resistance to low pH and oxidative stress, as well as the presence of strains that produce less biofilm in the presence of sugar (Palmer et al. 2013) , highlighting the risk of generalizing the properties of a given species. Thus, function-based rather than taxonomy-only based studies are desirable in the future, to understand what microbes are actually doing regardless of their taxonomic composition (Takahashi 2015; Nascimento et al. 2017) .
It is also important to note that most oral "microbiome" studies have focused on bacterial diversity, whereas the diversity and role of fungal and viral inhabitants of the oral cavity have largely been ignored. Given the enormous fungal diversity that has been detected in the oral cavity under health conditions, its interaction with oral bacteria (Krom et al. 2014) , and the proposed role of bacteriophages in regulating oral microbial communities (Pinto et al. 2016) , future work should be directed toward understanding the role of viral and fungal players in health and disease.
Despite the limitations underlined above, recent advances in oral microbiology have been instrumental in expanding our view on caries etiology, revealing an extraordinarily complex yet structured oral community and a large variability in interand intraindividual caries-associated communities. This has important consequences for research in the field and for clinical applications, including establishing sampling standards for diagnostic tests. The conceptual change suggesting that dental caries cannot be considered an infectious disease in classical terms but rather the outcome of a microbial dysbiosis points toward modulating the biofilm as a promising strategy, as opposed to eliminating it or combating specific oral pathogens (Marsh et al. 2015; Mira et al. 2017) . Thus, the highly polymicrobial and variable nature of the etiology of dental caries must be kept in mind when designing new preventive, diagnostic, or therapeutic approaches against the disease.
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